ABSTRACT: National and international concern about the health effects and continued use of Pb, Cd, As and Hg as well as other metals has defined a need for improved estimates of the long-term risks to ecosystems and human health from metals released from mining, metallurgical and energy production activities. A research aircraft was used to determine the microphysical and chemical properties of airborne particulate metal emissions from the Nanticoke coal-fired power-generating station located on the north shore of Lake Erie, Ontario, and the Horne copper smelter at Rouyn-Noranda, Quebec. These properties are critical to the determination of the deposition rates of the metals emitted, and hence the potential for these species to have impacts on local or distant ecosystems. An overview of the measurements made during the study is given. The size distributions of particles emitted from the stacks and observed within 5 km of the point of emission are briefly described. After dilution by ambient air, the concentration of particles smaller than 0.135 µm in diameter in the plumes is tens of thousands per cubic centimetre, far exceeding the concentrations found in ambient air. However, in the size range 0.135 to 3 µm diameter the plumes generally contribute about one to four times more particles than present in ambient air.
INTRODUCTION
In winter and summer of 2000 the DHC-6 Twin Otter research aircraft, operated by the National Research Council of Canada (NRC), was used to study the emissions from the stacks of the Nanticoke coal-fired power-generating station and the Horne copper smelter. The Nanticoke generating station, located on the north shore of Lake Erie in Ontario, is owned and operated by Ontario Power Generation Inc. During the winter and summer field studies, this facility was producing on average 3400 MW of electricity during the daytime, with less production at night, under relatively constant operating conditions. The Horne copper smelter, located in the town of Rouyn-Noranda in Quebec, is owned and operated by Noranda, Inc. The production of copper involves batch processes which can give widely varying emissions over short time scales (hours to minutes). The production methods and emission controls at the Horne smelter have undergone changes over the last 20 years, leading to progressively lower emissions with time. Progress towards lowering emissions continued throughout the year 2000. The flights through the plume of the Horne smelter were undertaken in collaboration with the industry to cover a broad range of operating conditions. A comprehensive analysis of the 22 flights made into the plume of the Horne smelter will give a good overview of the emissions from this facility at this point in time.
The specific objectives of the aircraft study were to determine: (1) the size distribution of particles emitted from the sources; (2) the metal content of the particles, with emphasis on Ni, Cu, Pb, Zn, Cd, As, Se and Hg; (3) the amount of total gaseous Hg emitted from the sources; (4) the distribution of metals by particle size for metals with high source strength; and (5) the ability of clouds to scavenge the particles and Hg. The knowledge gained from these determinations is needed to specify the properties of particles in atmospheric models in a realistic way in order to estimate the concentration in air, the deposition to the surface and the proportion subject to longrange transport, on both local and regional scales, of the metals emitted by these sources. The specific purpose of this article is to provide a brief, overall methodology for the study with a focus on aircraft particle measurement systems, and an introduction to the influence that these industrial sources have on the particle number concentrations in the immediate environment of their plumes.
Though airborne sampling of particles emitted in plumes from coal-fired power plants and smelters was undertaken in the late 1970s and 1980s (e.g. Blumenthal et al. 1978; Chan et al. 1980; Ondov et al. 1989 ) and the particles emitted from non-ferrous smelters have also been investigated for their metal content as a function of particle size (e.g. Bennett & Knapp 1989) , emission controls have changed with time and the properties of emissions vary from facility to facility. The study described here was undertaken to address the questions above for current operating conditions of Canadian facilities.
This collaborative study was undertaken as part of the Toxic Substances Research Initiative. It forms part of the Canadian Metals in the Environment Research Network (MITE-RN), has close ties with the MITE programme undertaken by the Geological Survey of Canada (GSC), and is an extension of international, government, university and industry collaboration. Together, these research projects generate coherent data sets that will be valuable in international and domestic risk assessment of metals.
METHOD
Four intensive field campaigns, each of almost three weeks, were conducted in 2000. Thirteen flights into the Nanticoke plume were made between 17 and 28 January 2000; 12 flights into this plume were made between 12 and 21 September 2000. Eleven flights were flown into the plume from the Horne smelter during each of 14 to 24 February 2000 and 24 July to 4 August 2000. Each flight was approximately two hours in duration. Both industrial plumes were sampled up to 40 km downwind of the source for ageing times of up to one hour in a variety of meteorological conditions which included sunny and cloudy daytime, night, light to strong winds and well-mixed to stable boundary layers. The plumes were tracked using wind measurement systems developed for this aircraft over the past two decades. Stack sampling of particles was conducted by the industries for times near the aircraft study using standard sampling methods. The ambient environment was characterized by the aircraft with measurements made outside the plume and upwind of the sources. In addition, one flight was made on 31 July 2000 into the smoke plume from a natural wildfire which occurred near Kapuskasing, Ontario (Friedli et al. 2003) .
The Nanticoke plant is on the shore of Lake Erie, with the lake to the south and flat farm land with mixed crops to the north. During the winter study the land was snow-covered and the lake was ice-covered. The Nanticoke plant has two stacks of c. 200 m agl (above ground level) height; the initial point of emission is higher than those for the nearby industries (a refinery several kilometres to the north and a steel industry several kilometres to the west). The Horne smelter is located on the northern edge of the town of Rouyn-Noranda, in a mainly rural area in western Quebec. The surrounding terrain is primarily low hills covered with evergreen forest, dotted with some fields and small lakes. The Horne smelter has two stacks of c. 120 m agl height.
A typical flight involved tracking the plume out to 30 km and then vertical profiles and horizontal passes at ranges of 20 and 10 km followed by a run up the plume to within 2 km of the stack. With winds near 10 m s 1 these distances correspond to plume ageing times in the environment of c. 45, 30, 15 and 3 min, respectively. The ambient environment was characterized by measurements made out past the edges of the plume in vertical and horizontal directions and by a vertical profile taken upwind of the stacks. The lowest flight altitude for data collection was 30 m above ground. The highest level varied by flight, but was chosen to be higher than the top of the plume in each case. Two basic flight plans were used. In one, the plume was intensively studied at one or two distances from the source. In the second, a parcel of air was 'tagged' by initiating a pointer in the on-board computer so that the software could predict the motion of the parcel forward with the winds. The aircraft could then follow the same parcel of air as it moved downwind and evolved in time. Sample flight tracks are shown in Figure 1 . It should be noted that subsets of the data are selected for particular study based on a selection criterion (e.g. Wong et al. (2006) use aircraft samples collected concurrently with in-stack sampling; Zdanowicz et al. (2006) use the samples available for their specific analysis method, and this paper uses data collected within 5 km of the stacks) and the distance from the stack and ageing times quoted in the different contexts are applicable to the particular subset of the data in use.
The instrumentation carried by the aircraft for determination of plume chemistry and microphysics is shown in Table 1 . The NRC Twin Otter is a research aircraft with a well established instrumentation platform for air quality research (e.g. Banic et al. 1996; Leaitch et al. 1996; MacPherson et al. 2001; Banic et al. 2003) . In addition to the instrumentation list given here, it carries a full fast-response (1 s or less) package to determine meteorological parameters (temperature, dew point, vertical and horizontal winds, etc.) which are displayed in real-time to the flight crew. The aircraft equipment package is illustrated in Figure 2 .
A Big Bag Sampler (BBS) was designed by the Meteorological Service of Canada (MSC) and the NRC for use on the Twin Otter for this study. It permitted the capture and storage of 0.5 m 3 of air collected at a specific point in the plume for longer-term sampling (e.g. up to 15 min). The air volume is contained in a collapsible bag made of a conductive plastic. The fast fill is achieved by ram air flowing through a large forward-facing inlet (c. 8 cm by 8 cm) with electronically controlled valves at the inlet and outlet of the bag. It can be flushed and filled with air from outside the aircraft in 2 s. A big bag sample allows sampling of one section of the plume (generally a sample taken on the centre-line of the plume) to a filter or other instrument for a longer period of time than the aircraft speed (60 m s 1 ) would permit. Particle size distributions were determined using a TSI scanning mobility particle analysis system (SMPS), a PCASP and a FSSP-100, which together measured particles from 0.007 to 30 µm in diameter. The SMPS dries the particles by diluting the sampled air with particle-free dry air before sizing. The PCASP heats the particles to 40 C before sizing, driving off condensed water vapour or other highly volatile materials. The FSSP-100 is non-intrusive, detecting and sizing particles under ambient conditions. The SMPS sizes particles based on their aerodynamic properties (diffusion); the PCASP and FSSP size particles based on their light-scattering ability. It takes 2 min for the SMPS to obtain a size distribution. The SMPS sampled ambient air through a forward-facing stainless steel isokinetic inlet on the roof of the aircraft; due to the relatively long time needed to obtain a full size distribution, it sampled plume air from the BBS. The PCASP and FSSP are fast-response instruments (64 Hz) mounted on pylons below the wings of the aircraft.
Metal content of the particles was determined by the collection of particles on filters with subsequent analysis by a number of techniques described in Table 2 , including protoninduced X-ray emission spectroscopy (PIXE), inductively coupled plasma-mass spectroscopy (ICP-MS), Pb-isotope and single particle analysis. Samples of airborne particles were collected on multiple filters in parallel from the BBS or through a stainless steel isokinetic inlet mounted forward of the propeller line on the side of the aircraft near the pilot's window. The isokinetic inlet was conical in shape with the area at the opening, the air flow to the opening at normal flight speed and the rate of pumping through the filters matched to have capture of all air reaching the inlet. The cone opened to a stainless steel tube c. 1 m in length with internal diameter of 47 mm. The tube entered the aircraft with a gentle bend and ended in a smooth, gradual branching to three stainless steel tubes (inner diameter 47-mm, length 10-cm), to which the filters, held in open-faced Teflon filter packs, were tightly sealed.
On most flights, a sample was collected on the same filter medium from each of the big bag and isokinetic inlets for analysis at the National Laboratory for Environmental Testing, National Water Research Institute. Sampling and instrumental integrity were validated by field and laboratory blanks, and the use of clean protocol and standard reference material. The concentration of SO 2 was measured continuously using a TECO analyser and in batch mode with treated filters inserted as a second stage to particulate filters.
A scanning lidar system was deployed at a fixed site at the ground to monitor the behaviour of the plume over longer time scales than the aircraft flights. The lidar was mounted in a motor home, customized for scientific field applications, parked at locations chosen to be predominantly downwind of the stack source: on a privately owned industrial property along the north shore of Lake Erie c. 9 km to the east of the Nanticoke stack and at two locations within 10 km of the stacks of the Horne smelter (c. 4.6 km SE of the smelter during the winter study and c. 2.3 km NE during the summer study). The lidar was capable of fast azimuth and elevation scanning profiles of the lower atmosphere. Additional remote sensing (time series and plume transects) of the SO 2 in the plume was made at the copper smelter with a COSPEC spectrometer. Results of the lidar plume studies are given in Strawbridge (2006) .
Measurements to characterize the regional aerosol were made with a second mobile laboratory at ground-based sites. This mobile laboratory was located at the Simcoe Horticultural Station, University of Guelph Department of Plant Agriculture, 3 km east of Simcoe, Ontario (19 km NW of the stacks) for the Nanticoke study, and at Noranda's ICS property, located c. 2.5 km SW of the stacks in the town of Rouyn-Noranda, for the study of the Horne smelter. The aerosol and air sampled at the Simcoe Horticultural Station were not impacted by the Nanticoke emissions and so were characteristic of regional background. On occasion the air sampled at the ICS was influenced by the presence of the Horne smelter. The mobile laboratory carried an instrumentation package that mimicked that on the Twin Otter. The following instrumentation, described in Table 1 , was also operated in the mobile laboratory: PCASP, SMPS, TECO SO 2 analyser, Tekran Model 2537A Hg monitor and quartz annular denuders coated with KCl to capture reactive gaseous Hg. Particulate matter was collected on filters for the same analyses as described in Table 2 . Inlets for the gas and particle analyses were mounted above the roof of the mobile home, c. 10 m above ground level. Meteorological data were collected at 15-min averages (wind speed and direction, temperature and dew point, pressure). In addition, the Ontario Ministry of the Environment monitored SO 2 and gaseous elemental Hg at a rural site several kilometres east of the Nanticoke plant during the September intensive study.
The two industries coordinated their stack sampling with this experiment. At Nanticoke the stack sampling occurred in the autumn of 1999 and autumn of 2000 (i.e. before and after the field campaign) with ash collected during the campaign. Stack sampling at the Horne smelter was coordinated with specific aircraft flights as discussed in Wong et al. (2006) . The industries followed their standard methods for the stack sampling.
RESULTS AND DISCUSSION
Examples of data available in real-time to the scientists on board the aircraft, and used to provide direction of the flight to achieve the sampling objectives, are shown in Figure 3 . These data were displayed in graphical form to the flight crew with an update every second. The TSI 7610, PCASP and FSSP-100 and LI-COR 6262 analyser have a time resolution less than 1 s and so the data indicate real-time conditions; the TECO SO 2 has a delayed response of c. 30 s, with an even longer full response time approaching 100 s. Thus, inspection of TECO SO 2 data in flight under conditions of strong concentration gradients as experienced on these flights provided a look back in time to verify the interpretations of the particulate data. The SMPS and Tekran instruments have data-delivery delays of 2 to 6 min and are also used for retrospective analysis and future direction while in flight. The remaining information derived from the instrumentation listed in Table 1 and the analyses listed in   Table 2 were not available in real-time but only after analysis in the laboratory.
The plumes were sampled by flight along the plume at level or varying altitude, across the plume at level altitude and in vertical profile through the plume. The example of time series data for altitude, total particle counts and relative SO 2 concentration given in Figure 3 shows the clear boundaries for the plume which were typical of most flights in the study. It was possible to determine the dimensions of the plumes as they evolved with distance from the source and to characterize the ambient air into which they were diluting. Note that the aircraft studied the emissions from the stacks only. Fugitive lower-level emissions from these facilities are not characterized in the aircraft data set.
The vertical structure of the plume is shown in Figure 4 for two flights at the Horne smelter, one in summer and one in winter. For both of these days the plume is mixed to the lowest flight altitude (30 m above ground) and it is consistent with our understanding of boundary layer processes that it is reaching the ground. The plume contains a large number of ultra-fine particles (diameter <0.135 µm) which are continually being produced due to the presence of SO 2 . The concentration of these fine particles is low in the ambient air into which the plume is released (upwind data). It can be seen that the concentration of accumulation mode particles (PCASP size range) is enhanced in the plume, but that the ambient air concentration is appreciable compared with the number added by the plume. The ambient air concentration of the particles in this size range varies substantially for the two examples shown, with concentrations in ambient air for Flight 31 exceeding those in the plume for Flight 20. Note that mixing of the plume to ground level can be observed in the winter as well as in the summer. Under appropriate meteorological conditions, regardless of season, the mixing can be forced by surface heating or by mechanical turbulence generated by the wind over trees and uneven terrain. Compared with Nanticoke, mixing of the plume to low levels was more often seen for the plume from the Horne smelter because of its lower release height (less likely to be injected above the mixed layer) and surrounding hills and land cover of black spruce.
The size distribution of particles in the plumes and in the ambient air was determined on all flights for particle diameters between 0.005 and 13-30 µm, with the larger limit dependent on choice of operating range for the FSSP for a specific flight. Table 1 are shown in (B) as 1 (isokinetic), 2 (big bag) and 3 (forward-and rear-facing). The instrument racks as seen looking forward and starboard from the rear door (D) are shown in (C); the big bag is contained in the aluminium enclosure at the right and extends upwards and to the right outside the view shown. One example of a number distribution and volume distribution (the latter calculated from the number distribution) is shown in Figure 5 . This flight took place during the night with almost no mixing of the plume in the vertical, hence the dilution is relatively small. Figure 5a shows that the number concentration of particles in the plumes was seen to generally decrease with increasing particle size. However, due to the large difference in particle volume (and mass) over the size range measured, even a few of the large particles can dominate the mass distribution. Figure 5b shows that the plume sampled in Flight 22 is adding volume (and mass) to the particles present at sizes between 0.2 and 1 µm, with a peak in mass near 0.4 µm. Overall, the plumes were observed to contribute in varying proportion to the particle volume at particle diameters from 0.03 to 30 µm. As shown in Wong et al. (2006) , size-segregated concentrations of metals in the plumes determined from the PIXE data described in Table 2 can be used to associate the mass of metals emitted to the particles of different sizes in the emissions. Wong et al. (2006) show data for As, Cu, Pb and Zn associating significant mass of these metals in the plume with the particles in the size range of this peak. The number concentration of particles in the diameter ranges 0.135-0.265 µm, 0.265-0.515 µm, 0.515-0.95 µm and 0.95-3 µm measured in ambient air and the incremental number added by the plume at distances within 5 km of the stacks are summarized in Table 3 . The median values are shown for flights with more than two passes through the plume, except for Flights 30 and 45 for which data for all passes are shown to indicate the degree of difference seen for a single flight. The summary medians shown are the medians of the flight medians for each source and season. Note that the total particle concentration observed in the plumes is the sum of the number of ambient and plume-added particles given in Table 3 . Particles in this size range are seen to be present in the ambient air into which the plumes are diluted. At these distances from the stacks the particles emitted contribute from an equal number of particles to a factor of four more particles per unit volume for diameters less than 0.515 µm. The power plant plume contributes relatively more particles in the size range 0.515-3 µm diameter than contributed by the copper smelter plume. The larger variability in the particle number concentrations observed at the Horne smelter compared with Nanticoke, both within a single flight at each source and among the different flights, is consistent with the batch processing occurring at the Horne and the relatively constant production of power utilizing the same fuel at Nanticoke. The distinct character of Flight 22, for which the full size distributions measured were plotted in Figure 5 , can be readily seen. As illustrated in Figure 4 , for most in-plume sampling periods the difference between the number of particles observed in the plume and in the ambient air for particle diameters between 0.135 and 3 µm is more subtle than observed on Flight 22. Overall, at dilutions of the plume observed within 5 km of the sources, the number of particles with diameter 0.135-3 µm present in ambient air is not negligible compared with the number added by the plume. The relatively high concentration of Pb, As, Cu, etc. seen in the plume at the Horne smelter (Wong et al. 2006; Simonetti et al. 2004 ) is due to the fact that the plume is adding metal-rich particles to the ambient air, as shown in Zdanowicz et al. (2006) .
For the plume passes of Table 3 , the number concentration of particles with diameter <0.135 µm in ambient air is 3000 to 10 000 cm 3 at Nanticoke and c.100 to 6000 cm 3 at the Horne smelter. The plumes add 30 000 to 60 000 particles/cm 3 at Nanticoke and 10 000 to 67 000 particles/cm 3 at the Horne smelter. This increase in the number of ultra-fine particles in the plumes was illustrated in Figures 3 and 4 . Examples of results obtained using the BBS during the field programme are given in Figure 6 and Tables 4 and 5. Figure 6 shows two fills of the BBS with air in the Nanticoke plume, each fill subsequently sampled for SO 2 , gaseous elemental mercury (GEM) and condensation nuclei (CN) number concentration. Sampling of air from the BBS by the aerosol filters occurred over the same time periods. The data system recorded the time of closure of the outlet (occurred first) and inlet (occurred second) valves of the bag; these valves were closed in rapid succession (<1 s difference) either manually or automatically. The contents of the bag were thus under slight pressure. Figure 6 shows the times of two bag fills, as recorded by the data system, and data collected from the subsequent bag sampling, shown as they are displayed in flight and recorded to the data system at 1 s resolution. The 3025-CN and 7610-CN have short response time and can indicate the presence and intensity of the plume with this time resolution. When sampling off the bag with these instruments, the rise and fall time of the signal is rapid and it can be seen that the fine particle concentration in the plume at the time of bag fill is initially captured. On some fills (e.g. in this case the first fill) there is a decline in concentration with time over 5 min and on other fills (e.g. the second fill) the concentration remains constant. The timing of sampling of the 3025-CN and 7610-CN off the bag is independently controlled (separate inlets and control valves). The content and stability of each bag fill was verified by monitoring with one or both of the 3025-CN and 7610-CN instruments. The SO 2 and GEM analysers share an inlet line off the bag and so sample from the bag for the same time periods. The SO 2 analyser has a longer response time (note the smooth data and gradual response time when sampling off the bag) and so does not capture the true SO 2 concentration (as observed during the in-bag sampling) during the short-duration plume passes. The GEM analyser integrates a sample over 2.5 min with subsequent sample analysis and so (1) cannot directly capture the GEM concentration changes during the plume passes, and (2) displays data to the data system with a lag time that exceeds 4 min. When sampling off the bag for SO 2 and GEM, the time of sampling from the bag is selected to exactly correspond to full 2.5 min sample collection times of the GEM analyser.
The examples of Figure 6 illustrate the performance of the BBS for two gases quantified during the study and for the CN counters, with the latter dominated by the concentration of particles at diameters <0.135 µm. Note that the bag fills did not occur at the maximum of the peak in each case, but rather on the shoulder of the peak, and that the data are illustrated as they appear in real-time during flight, i.e. with the lag in response time for SO 2 and analysis time for GEM. The data of Figure 6 show that the initial sampling is quantitative for the particles in this size range and that the concentrations of the gaseous species measured are not modified by losses to the walls of the bag. Note that the CN background is higher and more variable than the example of Flight 20 at the Horne smelter shown in Figure 3 . Due to the difficulty in pinpointing the plume from the power plant in real-time in flight using particle data, a fast-response CO 2 analyser was added to the instrument package for the summer intensive study. Also note that the SO 2 mixing ratios are much more elevated above ambient values (c.100 and 600 ppb compared with c. 0 ppb in ambient air) than are the GEM concentrations (c.2.5 and 5 ng m 3 at 0 C and 1 atm, compared with c. 1.5 ng m 3 in ambient air). The concentrations of selected metals for two flights, one into each plume, are shown in Tables 4 and 5 . For the data shown in Table 4 , the two filters were not exposed for the same time period or to the same air volume. The plume was gradually dispersing outwards from a more intense central core. The filter exposed on the isokinetic inlet sampled the full dimension of the plume, including the most dilute sections. In contrast, the big bag sample was collected from the intense core and reflects a lower dilution factor. However, the metals are present in the Simonetti et al. (2004) same proportion in both cases. The data shown in Table 5 were collected in a plume that was well mixed and show comparable results despite the fact that different volumes of air were sampled. The ICP-MS and PIXE analyses are from methods described in Wong et al. (2006) with one Pb value in a duplicate sample from analysis as described by Simonetti et al. (2004) . Comparative tests of the particle passing and sampling efficiency of the isokinetic inlet and BBS demonstrate that the same relative abundance of metals and, under uniform atmospheric conditions, the same metals concentrations are observed. The performance of the bag and isokinetic inlet were verified by tests made under flight conditions through the plumes due to the difficulty that would be met in laboratory studies in reproducing the high flow conditions and stable particle concentrations required and the complex matrix of the emissions themselves. This field study is a snapshot in time of conditions present at these sites. The properties of the particles emitted from the copper smelter are further described in this Special Issue. Strawbridge (2006) shows the discrete nature of the plumes in space and indicates the effect of meteorology on plume mixing and transport; Wong et al. (2006) link the stack testing of industry to the concentrations and size distributions in the diluted plume; Zdanowicz et al. (2006) link the particles in the plume with those deposited in the snow in the surrounding environment; and Daggupaty et al. (2006) use meteorology and the measured properties of the particles to predict the fraction of the metals emitted that deposit to the surrounding environment within 100 km of the source, and the fraction that are transported longer distances. Taken collectively, these different analyses show that the plume from the smelter is well-defined in space within c. 30 km of the source, that the particles emitted are rich in metals compared with particles in the ambient air, and that the particles with diameter <3 µm contain a sizeable fraction of the metals emitted. The modelled deposition pattern reproduces a 'bull's-eye' of increased metal loading to the environment near the smelter and also shows that most of the Pb, As and Cu emitted is transported beyond 100 km of the source.
CONCLUSIONS
A field experiment was conducted in 2000 to investigate the emissions of metal from three very different sources of metals to the atmospheric environment: coal-fired power production, copper smelting, and a natural wildfire. Since the emissions from these sources are rapidly diluted by ambient air, the properties of ambient air upwind and at the edges of the plumes were also determined. The available data from the plume study include meteorological parameters, particle number concentration and size distribution, gas-phase Hg and SO 2 concentrations, and the metal concentrations in the particles emitted both as bulk values and size-segregated. The measured properties are needed to initialize and validate models that predict the gas-particle and particle-particle interactions, transport and deposition of the emissions. This is a rich data set that provides insight not only into the emissions from the specific sources investigated but also into the formation and evolution of particles in the environment in general.
Comparison of the particle size distributions from the power plant, the smelter and the ambient air in regions close to and remote from large major industrial areas (i.e. southern Ontario and northern Quebec, respectively) shows that much of the particulate matter emitted from these sources has a size distribution similar to that of the long-range transported aerosol in the air. When these similar results from two distinctly different single sources are considered in the context of emissions from large regions of industrial activity, such as eastern North America, Europe and Asia, it can be concluded that the metals emitted from each industrial source have the potential to add to the metal loading of the immediate environment and to the industrial plume well downwind.
